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Error s in reg j s tra tion of overlays with base map s during final p rj_n t ing a re res p ons ible for sli gh t mislocations of t h e in f ormati o n as shown.
The lense shap e d map u n it surrounding test sit e MEX-1 in Marshfield sho uld have the pattern of an area under lain chie f ly by coarse-grained saturated strati f i ed d e posits.
CONVERSION FACTORS
The following factors may be used to convert publi s hed herein to the International Sy s tem of Units the U. s. cus tomary uni ts The purrose of the work was as follows: to determine the thickness and extent of the water-bearing unconsolidated deposits, to evaluate the hydraulic properties of these water-bearing materials and their potential yield, to evaluate the potential yield of bedrock aquifers and to evaluate the variations and concentrations of chemical constituents in the ground water and their effect on its general use.
Location and Extent of Area
The 203 mi 2 (526 km 2 ) area of investigation includes all or parts of th e Towns of Cabot, Calais, Harshfield, \~oodbury, and Worcester in the northeast corner of Washington Coun ty (fig. l) One ground-water study and a number of geologic report s , mostly at the reconnaissance level, have been made covering all or part of the study area. The Department of \.Jater Resources of the State of Vermont in cooperation with the U.S. Geological Survey has published a Ground Water Favorabil ity Map of the Winooski River Basin, Vermont (Hodges, 1967) . Geologic studies include bedrock mapping and reports by Cady (1956) , Hall (1959) , Doll and others (1961) , and Konig (1961) ; and surficial mapping by Doll and others (1970) , and Stewart and MacCI intock (1969) . A nore recent report (Stewart, 1971) provides general information on geology for environmental planning.
Methods of Investigation
Field mapping was undertaken to delineate and iden t ify unconsolidated materials, their origin and character, and to map bedrock exposures. Sei sm ic refraction profiling was carried out to determine the thickness of unconsolidated deposits in various areas where water saturated coarse grained material s appeared sufficiently thick to yield large quantities of water to wells. Location maps and seismic refraction profiles for 10 sites tested are shown on plate 4 and in figures 2 and 3.
Based on the results of the seismic investigations, wash borings were ma de at 23 s ites to obtain detailed lithologic descriptions of the underlying unconsolidated deposits. These borings were made during the summers of 1973 and 1974 and involved a total of about 1,200 linear feet (360m).
Location, construction, and hydrologic data for 186 priva te ly owned water wells were obtained. Most of these wells were drilled into bedrock and provided information on thickness and character of the unconsolidated deposit s , and the nature and yield of the bedrock aquifer.
Water-quality analyses of surface water from 23 sampling sites were made by the Vermont Department of \.Jater Resources between 1953 and 1965 . Thirteen dril Jed we ll s from which water had been chemically analyzed by the Vermont Department of Health were located in the field.
Aerial photographs were examined for geologic information with particular e mphasis on the character and location of surficial material, borrow pits or quarries, and linea ments .
The strat i g raphic nomenclature used in this report is that used by the Vermont Geological Survey and does not necessarily follow the usage of the u.s.
Geological Survey.
Well-Numbering System
Data on wells and borings used in compiling this report are given in tables 6 and 7. Well and boring identification numbers used in this report are composed of a two-letter town code, the The <Jround l1ne (.s.: >aul!l~) d~zilqnatcs th<" pco(llt>s wt.tch were not surv""y<'d prior to tt'le set-up o! the aeis•ic lnstru 11 ent . 
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BEDROCK
Bedrock formations in the upper Winooski River basin are primarily metamorphic rocks of Cambrian to Devonian age. Detailed geologic description s are provided in the map reports of Doll and others (1961) , Cady (1956 ), Hall (1959 , and Kon i g (1961) . Metamorphic rocks, which underlie approximately the western 80 percent of the study area (see plate 1), are compact and altered, and con sist of phyllite, schist, slate, quartzite, and sl ightly metamorphosed limestone. The older Stowe and Missisquoi Formati ons are separated by an unconformity from the Shaw Mountain Formation and the younger formations above. This unconformity also marks the change between the green argillaceous rocks of Stowe and 11issisquoi Formations and the brown-weathering calcareous rocks of the Shaw Mountain, Waits River, and Gile Hountain Formations above.
Granitic intrusive bodies underlie approximately the eastern 20 percent of the study area and occur as small, isolated bodies in the north-central and south-central parts (see plate 1). The large body in the east i s the Knox Mountain pluton.
Throughout the report area, most of the ind ividual water users depend on \vells drilled into bedrock for water supplies . In the metamorphosed rocks, virtually all pore space has been eliminated between the individual grain s which make up the rock.
Therefore, in these rocks water moves principally through the joints and fractures. Si mi larly, in the massive igneous intrusive rocks wate r movement is in joints and fractures; and their interconnection and saturation determine the yield of a bedrock well . Bedding and s chi stosity of the metamorphic rocks appear to have little or no effect on well yield.
In areas of thin, unconsolidated deposits, zones of concentrated joints or fractures can be identified by use of aerial photographs and topographic maps. These features are called 11 lineaments 11 and appear on maps and photographs as lines or narrow zones of marked topographic or tonal change. Wetter or dryer conditions are frequently noted on the lineaments by tonal contrast. Recent studies in Delaware (Woodruff ana others, 1972) have sh own that wells drilled to intersect lineaments have substantially higher yields than wells located a~ random.
A study in the Barre-Montpelier area (Hodges and others, 1976a ) also suggests a correlation between higher yields and the proximity of wells to 1 i neamen ts.
Although lineaments occur throughout the area, the frequency of occurrence is greatest in the weste rn 80 percent of the area underlain by metamorphic rocks as shown on plate 1.
The predominant trend is northwest--striking at right angles to the trend of the regional structure.
Median yields (table 1) of 5 to 6 gal/min (0 .32 to 0.38 L/ s) for wells in bedrock in the upper \.Jinooski River basin are generally lower than yields for similar rock types in the Barre-Hontpelier area (Hodges and others, 1976a) or the White River Junction area (Hodges and othersp 1976b) . These lower median yields ma y be substantially influenced by the very small number of high volume commercial-industrial water users in the report area. However, a well yield of 5 to 6 gal/min (0.32 to 0.38 L/s) is generally adequate for domestic needs.
The total thickness of unconsolidated deposits which, in the upper Winooski River basin, varie s from zero at bedrock outcrops to more than 275 ft (84 m) in Calais (well CBW52), can directly affect both the availability of water and the cost of construction of a water system. Thic k deposits of till or fine-grained sediment may retard the movement of water into bedrock fractures, while thick saturated deposits of san d and gravel can readily recharge the bedrock aquifer. Where the unconsolidated deposits are fine grained or have insufficient saturated thickness to yield adequate, dependable quantities of water to fit the user's needs, it is necessary to case through them and dri 11 into bedrock. The length of casing required to case off the unconsolidated deposits can have a significant impact on the total cost of the water system. Estimates of the length of casing needed can be deter mined from the map sh owin g the thickness of unconsolidated deposits (plate 2) prepared from analysis of well-con struction data in table 6, lithologic log s in table 7, and seismic-s urvey data in figures 2 and 3.
The data in table 1 on med ian depth of we lls drilled in each formation suggest that where massive , generally brittle rock types are present, such as quartzite or granite, adequate yields may be obtained with sha llower wells than in areas underlain by incompetent phyllite and schist. Wells were shallowest in the Moretown Member of the Missisquoi Formation, with a median depth of 130ft (40 m) for 35 wells. The next deeper we lls were loca ted in the g ranitic intrusive areas, followed by wells in the Barton River Member of the Waits River Formation, with the deepest wells being located in the Gile Mountain Formation. The median depth for 19 wells 1n this last formation is 200 ft (61 m) . There appears to be a direct relationship between the massi veness or competence of rock type, the degree of jointing and fracturing, and the extent to which these breaks in the rock remain open to transmit water .
It i s expected, however, that with depth there is a di minishing probability of increa s ing well yield because the weight of overlying rock closes the joints and fractures . *Median yield per foot drilled ( tota 1 depth).
-11-
UNCONSOLIDATED DEPOSITS
The unconsolidated deposits found in the upper Winooski River basin are a result of several periods of glaciation during Pleistocene time. Moving ice removed soil and rounded and shaped the bedrock surface as the ice flowed over the study area. The ice also deposited a mantle of till over bedrock. Till is an unsorted mixture of rock fragments which range in size from clay to boulders.
Most areas throughout the upper Winooski River basin are covered with till, with moderately to very thick deposits (as much as 275 ft, 84 m) being located near South Cabot, the southeastern section of Marshfield, and substantially filling Carr Brook valley located west of the village of East Calais. Two types of till ha ve been described in the upper Winooski River basin area by Stewart and MacClintock (1969) .
Basal til l is compact, gray, and commonly fissile, suggesting a subglacial origin.
Ablation till i s a loo s e mixture of brown sand, cobbles, and boulders containing minor amounts of silt and clay. Stewart and MacClintock (1969) ascribe the formation of this material to slow settling of suprag lacial debris during ice wasting . Water velocities were assumed to be only fast enough to remove clay and silt while leaving the larger particles behind.
Glacial meltwaters also carried, sorted, and deposited rock and soil debris. Streams in channels in and under the melting glacial ice formed long, sinuous deposits of sand and gravel . Deposits of this type are potential aquifers and are found throughout the length of the valley of the Kingsbury Branch and Cooper Brook from Hardwick to Plainfield. Streams also deposited layers of silt, sand , and gravel in some valley areas along the margins of melt ing ice.
Deposits of these types are potential aquifers and are found throughout the upper Winooski River basin (plate 3). The largest is located around Nichols Pond on the Woodbury-Hardwick Town boundary. Large, temporary lakes were formed in most river valley s . Silt-and clay-laden waters entering these lakes deposited fine-grained sediment over the lake bottoms which remain as large flats and terraces in valleys today. The most prominent terraces are located along the lower Kingsbury Branch, Cooper Brook, and the Winooski River from Marshfield to Plainfield.
Some terraces are also found along the Middle Branch in the Town of Worcester.
Water Availability in Unconsolidated Deposits
Water fills the pores between grains of unconsolidated deposits below the water table, but not all of it may be available for use.
The rate at which water will flow through a deposit (hydraulic conductivity) is a major aquifer characteristic which controls well yield. Generally, coarse-grained a nd wellsorted deposits have the highest hydraulic conductivities and will provide the highest yields to wells.
Silt, clay, and till with low hydraulic conductivities yield little water to wells.
The sustained yield of an aquifer i s governed by its rate of recharge and the amount of water held in storage. The amount of water held i n s torage is related to the type of material within the aquifer, the areal extent of the aquifer, and its saturated thickness. Delineation of aquifers by predominant material type and approximate mini mum saturated thickness (plate 3) was obtained from a study of the sur ficial geology, drillers' records of water wells, U.S. Geological Survey test borings, and seismic information. Estimates of the total thickness of unconsolidated deposits are presented in plate 2, but insufficient data exist to construct a saturated thickness map of the study area. Because aquifers in Vermont are commonly small, the availability of water from this is ultimately dependent on the rate of recharge. This is discussed more fully under the Recharge and Discharge section of this report.
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Shallow, large-diameter dug wells are used to obtain water from till. Wells in ablation till usually yield more water than wells in basal till because ablation till has a loose, sandy texture and, therefore, has a higher hydraulic conductivity. Because wells in till are usually shallow and located on hillsides where water-table fluctuations are greatest, they are more susceptible to failure or to a reduction in yield during drought than wells in other aquifers.
Fine-grained Deposits
Unconsolidated deposits over much of the valley areas along the main stem of the Winooski River in Marshfield and Cabot and the lower Kingsbury Branch consist of lake bottom deposits composed of fine sand, silt, and clay. Thes e and similar deposits throughout the area are mapped as fine-grained deposits (plate 3). Some are covered with an unsaturated veneer of sand and gravel. The fine-grained deposits have a low potential for ground-water yield because of their low hydraulic conductivity.
However, lenses of coarse-grained, intercalated material occur in them at some locations and may yield moderate quantities of water suitable for domestic and some commercial supplies. Although these fine-grained deposits may not readily yield water to wells, they do hold large quantities of water which are available for slow release to supply adjacent streams and unconsolidated aquifers, or underlying bedrock aquifers.
Sand and Gravel
Sand and gravel deposits, where they have sufficient saturated thickness and are readily recharged, offer the greatest ground-water potential in the study area. The most extensive sand and gra vel aquifer is located along the Kingsbury Branch between South Woodbury and East Calais (plate 3). This location and other similar areas underlain chiefly by saturated medium sand to gravel deposits with a total thickness of more than 20 ft (6 m) are capable of yielding more than 200 gal/min (13 L/s), sufficient to meet some commer cialindustrial or municipal needs.
Areas underlain mainly by saturated fine sand to gravel deposits having a total thickness of more than 20 ft (6 m) should yield 50 gal/min (3 L/s) to 200 gal/min (13 L/s), sufficient to meet light industrial and small public supply requirements as at Woodbury well X6W2 (plate 3 and table 3). Recharge from precipitation alone is commonly inadequate to sustain high yield wells in aquifers with small recharge areas. However, induced infiltration from adjacent surface waters can provide additional recharge for such aquifers to sustain high yield wells.
Estimated Yield of Stratified Deposits
Twenty-three test wells were drilled in stratified drift deposits at selected locations to provide data for estimating potential ground-water yields.
Seven test wells penetrated water-saturated granular materials of sufficient thickness (at least 17 ft) to have some potential for ground-water development.
Because aquifer tests were not made, estimates of ground-water yield at the seven test sites are based on an indirect method (Lohman, 1972, p. 53) using the lithologic description of materials sampled. Estimated values for hydraulic conductivity (table 2) were assigned to each lithologic unit described in table 7.
The assigned hydraulic conductivity was multiplied by the saturated thickness of each unit and the products were summed to provide an estimated transmissivity value for each test well site in table 3. 
Medium sand and coarse sand---------------------Medium sand, some fine sand to fine gravel------Sand and gravel---------------------------------Fine gravel and sand----------------------------Hedium and coarse sand, some gravel and silt----Fine gravel-------------------------------------Medium and coarse sand and gravel---------------Coarse sand to gravel, some fine to medium sandCoarse sand and cobbles-- Well yields were computed from the estimated transmissivity values and the maximum allowable drawdown, selected as the difference between the static water level and 1 ft (0.30 m) above the top of the screen, using the Theis nonequilibrium equation (Lohman, 1972, p. 8) .
The drawdowns were then adjusted for thinning of the aquifer due to dewatering and the effects of partial penetration of the aquifer by the well screen (Cervione and others, 1972, p. 50-55) .
If the adjusted drawdown exceeded the maximum allowable drawdown, the calculations were repeated until a well yield was obtained where the resultant drawdown did not exceed the specified limit (table 3) .
The estimated yield for each site applies strictly to a well 24 in (610 mm) in diameter, 100 percent efficient, that has been pumped continuously for 200 days. It is also assumed that the horizontal hydraulic conductivity is 10 times greater than the vertical hydraulic conductivity and the average storage coefficient is 20 percent.
Hydrogeologic boundaries, although not considered in these calculations, can also affect well yields and resultant drawdowns. The effects of impermeable boundaries (bedrock, till, clay) decrease well yield by increasing drawdown; recharge boundaries, as a result of induced infiltration from surface-water bodies, increase well yield by decreasing drawdown.
The foregoing methods give qualitative estimates for the potential yield of wells in stratified-drift deposits, but systematic exploratory drilling and aquifer testing are necessary for locating large capacity wells. Water movement into and out of the project area can be expressed by the following equation:
Where P =precipitation, R =runoff, ET = evapotr~nspiration, and liS= change in storage. At the Edward F. Knapp Airport, Berlin, near the study area, precipitation averages 34 in (864 mm) per year, with somewhat more during summer than winter.
Of the precipitation each year, evapotranspiration returns an average equivalent of 14 in (360 mm) of water to the atmosphere (Hodges, Butterfield, and Ashley, 1976a) .
Evapotranspiration is the sum of direct evaporation of surface water, the sublimation of snow, and the transpiration of living organisms. Most evapotranspiration occurs during the spring and summer growing season with the result that ground-water levels decline during this period as trees and plants remove water from the ground and release it to the atmosphere as water vapor. Killing frosts in September or October end the yearly growth cycle, cause transpiration rates to decline, and result in the rise of groundwater levels.
An average of 20 in (508 mm) of water per year leaves the area as runoff. This includes water that runs directly over the land to the streams, and that which seeps into the ground, recharges ground-water bodies, and then discharge s to the streams.
Ground-water discharge to streams forms a significant proportion of the total streamflow and sustains flow during periods of little or no rainfall or below-freezing temperatures.
Normally, ground-water levels at central Vermont (Hodges, Butterfield, and Ashley, 1976a ) have a seasonal high in March or April, coinciding with melting of the snowpack and break-up of ice in the rivers and a seasonal low in September or October at the end of the growing season. This sequence, however, can be modified by excessive rainfall or drought. The change in ground-water storage over the years is probably negligible because decreases in storage during dry years are offset by increases in storage during wet years.
CHEMICAL QUALITY OF WATER
Chemical analyses of 13 ground-water samples (table 4) and 38 surfacewater samples (table 5) were obtained from several governmental agencies for comparison in this study.
Eight of the analyses of water from wells contained one or more constituents that equaled or exceeded the recommended or maximum allowable 1 imits of concentration adopted by the National Academy of Sciences and National Academy of Engineering (1973) for drinking water supplies. Of the eight samples in which the limits were equaled or exceeded, the recommended limit for manganese was exceeded in four samples, the recommended limit for iron was exceeded in two samples, and the maximum allowable limit for nitrate was exceeded in three samples. Surface tions (plate are shown on water in the upper Winooski River basin was sampled at 23 loca-4) to determine chemical composition.
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Winooski River (29) 2 Nasmi th Brook (30) Nasmith Brook (31) 4 Winooski River (32) hardness of 105 mg/L (milligrams per liter) as CaC03. This compares with a median pH of 7.2 and hardness of 120 mg/L for ground-water samples. Surface water is generally more alkaline than ground water. The most alkaline of the surface-water samples came from three streams originating principally fro m the area of the Knox Mountain pluton in the southeast corner of the study area.
Hardness is a Hardness is largely and is expressed as used in various u.s. While soft and moderately hard water can generally be used without treatment except for some industrial purposes, hard water frequently require s treatment (softening) for use in laundries, some industrial and most domestic uses. Very hard water requires softening for most purposes to make the water usable and to prevent damage to water-supply and water-using equipment.
Median hardness of the six ground-water analyses in the upper Winooski River basin was 120 mg/L, ranking the water as moderately hard to hard. Therefore, treatment of some water may be required.
The degree of hardness shown by these ground-water samples generally reflects the regional trends found in surface-water samples, wherein surface waters originating from calcareous rocks (Gile Mountain and Waits River Formations) show the highest levels of hardness (106 to 252 mg/L). Surface waters flowing from the area of the Knox t1ountain granite show lower levels of hardness (88 to 96 mg/L) and streams underlain by quartzite and slate (Moretown Member of the Missisquoi Formation and Stowe Formation) show the lowest levels of hardness (18 to 24 mg/L).
Iron and Manganese
Iron and manganese are minor constituents of water, but excessive concentrations, particularly of manganese, may have harmful effects on health (Vase, 1972) . The National Academy of Science and National Academy of Engineering (1973) recommended a maximum limit of 0.3 mg/L of iron and 0.05 mg/L of manganese in drinking water supplies. The median iron content for all wells sampled (table 4) was 0.03 mg/L, although samples from two rock wells were more than double the recommended limit. Iron found in the water may be from many sources in the upper Winooski River basin. Host bedrock formations in the report area contain iron-bearing minerals. Magnetite is listed as a common accessory mineral by Cady (1956) and Konig (1961) , and was commercially extracted from sand deposits near East Calais during the 1800's (Konig, 1961) . Iron in ground water may increase as a result of reducing conditions produced by decaying organic matter in aquifers or derived from industrial waste and dumps (landfills).
Median manganese content for v1ells sampled was 0.03 mg/L, which approaches the li mit of 0.05 mg/L recommended by the National Academy of Science and National Acade~y of Engineering. However, three domestic wells and one public water-supply well sampled showed excessive manganese. Manganese is not a major part of the mineral composition of any rock types identified by Cady (1956) or Konig (1961) in the upper Winooski River basin. It may be derived from minerals in which it is a minor constituent, or from industrial wastes and dumps. The lack of an obvious source of the ~anganese suggests that only an in-depth s tudy could determine the factors contributing to excessive levels shown in table 4.
SUMMARY
Ground water can be obtained in quantities suitable to sustain s inglefamily domestic and far~ supplies from wells drilled in bedrock nearly everywhere in the upper Winooski River basin.
The median yield for 126 domestic supply wells in four different bedrock formations is between 5 and 6 gal/min (0.32 to 0.38 L/s).
The median depths for wells in the four different formations range from 130 to 200ft (40 to 61 m). In the area studied, bedrock well yields are more dependent on rock fracture than rock type; generally, wells located in fracture zones have the greatest yields. Some fracture zones appear as 1 inear features (linea~ents) on aerial photographs or topographic map s (plate 1).
Lineaments may be used for well-site selection to enhance the probability of obtaining higher-than-average well yields.
Water-saturated sand and gravel aquifers capable of yieldin~ up to 1,000 gal/min (63 L/s) to individual wells, sufficient to sustain commercial, industrial, or ~unicipal supplies, are found in valley areas of all five towns in the study area.
These potential sources of large supplies are found throughout the length of the valley of the Kingsbury Branch and Cooper Brook from Hardwick to Plainfield. Water availability and location of sand and gravel aquifers in the valley areas are described on plate 3.
Of the 23 test wells drilled for this study, 7 penetrated water-saturated sand and gravel of sufficient thickness to have potential for ground-water development. Well yields for these seven sites, calculated from geohydrologic data from the test wells, ranged fro~ 150 to 1,275 gal/min (9.5 to 80 L/s).
Chemical analyses of 13 ground-water samples and 38 surface-water samples were used to evaluate water-quality conditions in the basin. Eight of the 13 analyses of ground water revealed one or more constituents that equaled or exceeded the maximum allowable limits for iron, manganese, and nitrate as nitrogen in drinking water. Iron and manganese occur naturally, but nitrate is an indication of pollution from hu~an or animal wastes or from fertilizer. Surface water and ground water were found to be moderately hard to hard. Hardness is derived from carbonate minerals in the bedrock and overlying unconsolidated deposits, and can be reduced through treatment.
Ground-water resources in the basin are of adequate quantity and quality to meet foreseeable needs. Although resources capable of sustaining municipal supplies occur in the basin, they are located only in some valley areas. Test drilling and exploration within these aquifers would be a necessary forerunner of any development.
Except for localized water-pollution problems and some instances of excessive levels of iron, manganese, or hardness, which can be controlled with treatment, the chemical quality of ground water is suitable for drinking.
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